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IMPACT IN RAILROAD BRIDGES 


E. J. Ruble,! M. ASCE 


SYNOPSIS 


The subject of impact in railroad bridges has been of interest to designing 
engineers for over 100 years and many tests have been conducted to deter- 
mine impact factors; however, it has only been since the development of the 
electrical strain gages within recent years that the stresses in structures un- 
der high speed trains could be reliably measured. 

The paper describes the extensive field and laboratory investigations con- 
ducted by the Research Staff of the Association of American Railroads for 
Steel Concrete and Timber Railroad Bridges in the United States and presents 
a partial summary of its findings to date. 


INTRODUCTION 


Before presenting this paper, it would appear desirable to acquaint you 
with the organization known as the Association of American Railroads so that 
you can fully understand how the railroads conduct their joint research. The 
AAR is an organization of 198 railroads in the United States, Canada and 
Mexico, with a total of about 277,000 miles of track in operation. The activi- 
ties of the AAR are controlled by an elected Board of Direction. The various 
departments of the Association, such as our operations and maintenance de- 
partment, work on an annual budget, and this money is derived from the mem- 
ber railroads—the amount being based on their gross earnings. The general 
offices of the Association are located in Washington, D. C.; however, the En- 
gineering Division office is in Chicago, and a new research center laboratory 
is now the headquarters for the research staff of this division. 

The railroads as a whole form a vast laboratory for research under actual 
operating conditions and it is the policy of our staff, under the general direc- 
tion of G. M. Magee, Research Engineer, to use this laboratory for the finai 
evaluation of all our work. The research staff, of course, has a program in- 
vestigating all phases of railroad engineering but only the program dealing 
with the 192,000 dynamically loaded steel, timber and reinforced concrete 
structures in the United States will be considered here. 

The principal assignment of the research staff working on structural prob- 
lems has been the determination of the behavior of structures under dynamic 
loads such as those produced by steam and diesel locomotives operating over 
a full range of speeds. The general purpose of this program is to secure 
factual data so that new bridges can be more economically designed and car- 
rying capacity of the weaker bridges more safely determined. 


1. Research Engr., Structures, Association of American Railroads, Chicago, 
Il. 
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History 


The first known discussion on the dynamic effects of moving loads over 
structures is to be found in the 1849 “Report of the Commissioner appointed = 
to inquire into the Application of Iron to Railway Structures” and this report - 
is based on the testimony of the most important civil engineers of the day. 
This English Parliamentary Commission conducted experiments and spon- 
sored a theoretical study of the subject. While the Commission did not pub- 
lish specifications, its report did have a pronounced influence on English and 
American specification writers for several years. Considering this fact, we 
are safe in saying that impact specifications were born in 1849. 

In 1885, Professor S. W. Robinson, in his report to the Railroad and Tele- 
graph Commissioners of Ohio, made a clear statement as to the various 
forces producing impact. Part of Professor Robinson’s report dealt with the 
vibration of bridges. He not only recognized the effect of synchronous speed, 
but gave equations for computing the natural loaded frequencies of bridges. 

The most complete series of tests made heretofore in this country were 
conducted by the Committee on Impact of the American Railway Engineering 
and Maintenance of Way Association under the direction of F. E. Turneaure, 
Dean of College of Engineering, University of Wisconsin. The results of 
these tests were published in 1911 and gave ample evidence of the effect of 
synchronous speed and the effect of locomotive counterbalancing. In addition 
to the test data, the report contains an interesting discussion on the theory of 
oscillations and span frequencies. Impact values, based on the data presented 
by Prof. Turneaure, were used in the design of railroad bridges until 1935. 

In order to secure more data on the damping coefficients in bridges of this 
country, the late Mr. J. B. Hunley, Engineer of Bridges and Structures of the 
Big Four Railroad secured static and dynamic deflection readings on 39 dif- 
ferent railroad spans under about 300 different locomotives. The report of 
these tests was published by the AREA in 1935 and a very thorough resume 
of the general theory of vibrations, as developed by Prof. S. Timoshenko, 
Prof. C. E. Inglis and others, is included. The report contains detailed re- 
sults of the tests and also includes the dynamic magnifiers and damping coef- 
ficients obtained under the different classes of locomotives. The AREA de- 
sign specifications for railroad bridges were revised in accordance with the 
recommendation for impact effects and was used until 1948. 

In revising the design specification for impact in 1935, the bridge engi- 
neers realized that the entire subject of impact should be again studied on 
account of the increasing speeds and weights of the locomotives. They also 
realized that all previous specifications were based either on deflections or 
on mechanical instruments subject to considerable error due to vibrations. 
For these reasons they recommended that a Special AREA Committee on Im- 
pact be organized and funds be appropriated for the purchase of electrical 
recording instruments. 


Instruments 


The instruments used by the research staff to measure the static and dy- 
namic strains in the railroad structures are of the electrical type now in 
common use for such work. The gages are either of the electro-magnetic 
type or the wire resistance type. The electro-magnetic gage is attached to 
the member in which the strains are to be measured by two special screws 
which are seated in two drilled and tapped holes, the center of these holes 
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being exactly two inches apart while the wire resistance gage is cemented to 
the steel surface. The gage on the steel is placed in one arm of an electrical 
bridge circuit while a similar gage or balancing gage is placed in the other 
arms of the circuit. In the electro-magnetic gage, a strain in the steel pro- 
duces a corresponding change in the air gap between the two parts of the gage 
which produces a change in the electrical inpedance of the circuit. A strain 
in the steel under the wire resistance gage produces the same strain in the 
wires of the gage resulting in a resistance change of this gage. 

The strain gages themselves are quite simple and inexpensive; however, 
the necessary electrical bridge circuits, power supply units, control units, 
amplifiers and oscillographs to record the strain from the dynamic loading 
of the structures are quite complicated and expensive. The research staff 
now has sufficient equipment so that the dynamic strains at 72 individual lo- 
cations can be measured simultaneously, but it is very seldom that more than 
24 circuits are ever used for any one test. 

A large number of the railroad bridges selected for testing are accessible 
by highway, private roads or pasture so the truck with a special built body 
shown in Fig. 1 is used to house the recording instruments. It is not always 
possible to get as close to the bridge as shown for this particular bridge; 
however, sufficient lead wires are available so that the recording instruments 
can be about 500 ft from the gages on the steel. 

The equipment shown in Fig. 2 is planned and arranged in the truck in such 
a manner that after the gages are mounted on the test members, the lead 
wires to the gages can be plugged into the amplifiers and the tests started 
with a minimum loss of time. 

Many of the bridges selected for testing are inaccessible to our test truck 
so it becomes necessary to provide other housing facilities, as shown in 
Fig. 3, for the protection of the recording instruments. 

The test building and recording instruments are subjected to considerable 
vibration when located on such a bridge but ample sponge rubber cushioning 
prevents any possible damage to the equipment as well as instrumental er- 
rors in the recordings. 

A typical oscillogram is shown on the left of Fig. 4 while the location of 
the 12 gages on the 78-ft girder are shown on the right. The oscillogram was 
recorded under a Northern type steam locomotive at 53.4 mph. The ordinates 
or vertical movement of the traces on this oscillogram represent strain while 
the abscissa represents time as shown by the 0.01 second marks at the top 
and bottom. 

The short length of oscillogram on the extreme left was taken before the 
locomotive was on the span and the short length on the right was taken after 
the locomotive and cars were off the span. Any vertical deviations from the 
straight lines joining these traces represent strain in the steel. A wheel trip 
on the rail at the center of the span connected electrically to a solenoid in the 
oscillograph placed a mark on the oscillogram every time a wheel passed 
over the tip. In this manner, the locomotive speed can be accurately deter- 
mined as well as the position of the locomotive at time of any particular 
stress. 

The first six traces on the oscillogram were produced by the strains in 
the web plates at the ends and quarter point of the girders. Trace 7 and 8 
were produced by the strains in the lower flanges at the center of the span, 
and these two traces are excellent examples of forced vibration, the disturb- 
ing force being the unbalanced weights in the locomotive drivers. The period 
of these oscillations was the same as that of the driver. The last four traces 
were produced by the strains in the lower flange lateral bracing. 
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Mechanical Oscillator Tests 


At one time it was felt that the study of impact could be simplified by de- 
termining the damping characteristics of representative spans by measuring 
the strains and deflections produced by a mechanical osc’'lator. Accordingly, 
a large mechanical oscillator was constructed jointly by the engineering ex- 
periment station of Ohio State University and the research staff of the AAR. 
The oscillator consists basically of two identical eccentric rotors lying in the 
same vertical plane and turning at equal speeds in opposite directions and 
produces a vertical force of 19,200 lb. at 10 rps. The oscillator was so con- 
structed that it could be fastened to the underside of the bridge, thus permit- 
ting the forced vibrations of the span under various loading conditions. The 
rotors are geared in such phase relation that the vertical components of the 
centrifugal forces exerted by their revolving unbalanced masses are in con- 
junction while the horizontal forces of each rotor are in opposition. The re- 
sultant external force is then in the vertical direction and ignoring the effect 
of small vertical movements of the oscillator, is the simple harmonic force. 

The oscillator was mounted on the underside of a 102-ft 6-in truss span at 
the center of the span, and strain gages mounted on the various members of 
both trusses. In addition, deflectometers were mounted to measure the de- 
flections of the center lower panel point. The bridge was then vibrated at 
various frequencies with different degrees of oscillator unbalance under dead 
load only, with coal cars on the bridge and with a heavy steam locomotive on 
the bridge. 

The measured semi-amplitudes of deflection and stresses in the truss 
members were plotted against the speed of the rotors in revolutions per sec., 
as shown in Fig. 5. The semi-amplitudes of deflection plotted on this diagram 
t ag were recorded under the dead weight of the bridge only, and it can be seen 
ae that the natural frequency of the bridge, or the speed at which the deflections 

A became a maximum, was 9.20 cycles per second. This experimental value 
agreed very well with the calculated value as shown by the solid curve. The 
damping characteristics and dynamic magnifiers or the ratio of the measured 
semi-amplitudes to those calculated for a static load were obtained from 
these diagrams. 

The results of these tests led to considerable discussion among the rail- 
road bridge engineers regarding the practicability of the tests, and it was 
generally agreed that in future tests the dynamic magnifiers and damping 
characteristics should be determined from actual operating conditions where- 
e by the deflections and strains are recorded under the passage of locomotives. 
ve: The principal reason for making this decision was that in oscillator tests the 
ee disturbing force, which is usually the unbalanced forces in the driving wheels 
of the locomotive, is only applied a limited number of times. In addition to 
the limited number of applications of the disturbing force, the loaded fre- 
quency of vibration of the bridge is constantly changing as the locomotive 
crosses over. 

It was further recognized that the vibrational effects resulting from the 
unbalanced forces in the driving wheels were only one of the sources of im- 
pact in bridges and that it would still be necessary to conduct field tests to 
determine the rolling effects of the locomotives, the effects resulting from 
uneven track, battered rail joints and out-of-round wheels and speed effects. 
However, it was recognized that an oscillator might be profitably used in the 
investigation of natural frequency of vibration of structures which are so 
complex as to make an estimate by computation difficult or unreliable. Such 
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an occasion might arise, for example, in the case of a tall building in which 
the installation of machinery was contemplated, or in the determination of 
critical frequencies of arches, draw bridges, continuous trusses or other 
complex structures. 


Short Spans 


There are approximately 36,000 short span steel railroad bridges in the 
United States today and up to 1941 the strains produced oy moving locomotives 
has never been reliably measured in any of these bridges. Short span bridges 
of the type shown on Fig. 6 are subjected to considerable vibrational effect 
which produced instrumental errors in the mechanical type of strain gage 
used prior to the electrical type gage. All previous impact equations for 
spans of these lengths have therefore been based on assumptions and the al- 
lowances were made sufficiently large to be on the safe side. 

In 1941, the research staff of the AAR started tests on spans of this type 
using electrical gages. The bridges selected for testing varied in length from 
20 ft to 34 ft and readings were secured under 900 diesel and steam locomo- 
tives crossing over the bridges at speeds varying from 5 mph up to 85 mph 
for the steam locomotives and 100 mph for the diesels. 

The maximum total impact percentages, based on the recorded static 
stresses, produced in the short spans by the diesel locomotives at various 
speeds are shown by the diagram on Fig. 7. The total impact values shown 
are the increase in strain over that produced by a slowly moving locomotive 
and results from all the effects previously mentioned. In general, there is a 
gradual increase in the magnitude of the total impact with an increase in 
speed up to about 40 mph. The impact appears to remain constant for speeds 
between 40 and 80 mph and then decreases with a further increase in speed. 

It can be seen that the impacts in the ballasted deck bridges, indicated by the 
solid circles, are about the same as those in the open deck bridges. 

The maximum impacts produced in the same short spans by the steam 
locomotives at various speeds are shown on Fig. 8. Here again, there is a 
gradual increase in the magnitude of the total impact with an increase in 
speed up to about 40 mph with no further increase in speed up to 85 mph. In 
general, the maximum impacts produced by the diesel locomotives were about 
48 percent while those produced by the steam locomotives were 76 percent 
with no appreciable difference between the impacts in open and ballasted deck 
bridges. This recorded impact value under the steam locomctives was con- 
siderably below the former design allowance of 108 per cent for the same 
length span. 

In addition to the total impacts, the results of these tests on short spans 
were of particular interest to the railway bridge engineers for the following 
reasons: 


1. The static stresses under both diesel and steam locomotives were lower 
than those usually calculated, indicating that as the span deflects, the axle 
loads are carried to the ends of the span by the frame action of the locomo- 
tive. The static stresses recorded under the diesel locomotives were lower 
than those recorded under modern steam locomotives since the weight of the 
diesel is spread over a greater length and the axle loads are somewhat 
lighter. 


2. The maximum stresses in the bridges resulting from a wheel striking a 
battered rail joint at the center of the span were attained at a speed of 20 to 
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Fig. 8. Recorded Impacts in Short Span Bridges Produced by Steam Locomotives. 
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30 mph and became smaller as the speed of the locomotive increased. At 
speeds of 100 mph the effect of the battered rail joint was negligible. 


3. The use of 1/2-in rubber fabric pads under the regular steel tie plates 
and placed on top of the bridge or track ties did not reduce the amount of 
impact in these short span bridges. While no reduction in impact can be 
realized by the use of pads, they do reduce the mechanical wear on the tie, 
thus increasing the tie life. 


4. There was considerable variation in the recorded stresses produced by 
the various types of locomotives and even by the same type of locomotive 

so that only about 10 per cent of the trains passing over the short spans pro- 
duced stresses varying from 90 per cent of the maximum, to the maximum. 
About 50 per cent of the trains produced stresses whose magnitude were 
about 60 per cent of the maximum recorded. This variation in the stresses 
must be considered in determining the fatigue life of the structure. 


5. The elasticity of the supports plays an important part in the magnitude of 
the stresses in the structure. In the particular bridge shown on Fig. 6 the 
stresses in the center spans supported on the long piles were considerably 
smaller than those in the end span supported on the more rigid concrete 
abutment. 


Girder Spans 


With the completion of the investigation of the stresses and impacts in 
short span bridges, the research staff began its investigation of girder spans 
such as shown on Fig. 9 and data has now been assembled on thirty-seven 
girder spans, varying in length from 40 ft. to 140 ft, and readings have been 
secured under about 3200 diesel and steam locomotives. 

Considerable progress has been made in analyzing the data secured on 
these various length girder spans. A summary of the total impacts produced 
by the diesel locomotives on several spans from 40 ft to 60 ft in length is 
shown on Fig. 10. The total impacts recorded in the open floor bridges are 
shown by the open-circle symbol while those recorded in the bridges with the 
ballasted floor are shown by the solid circle. It appears that the impacts in 
the ballasted floor bridges are considerably lower than those recorded in the 
open floor bridges but this could be due to the larger number of readings 
taken on the open deck bridges. 

The total impacts recorded by the steam locomotives in the same girder 
spans are shown on Fig. 11 and it is apparent that there is very little differ- 
ence in the impacts recorded in the open and ballasted floor bridges. The 
proposed impact equations, which have now been adopted by the railroad 
bridge engineers, represent a considerable reduction over that formerly used 
for the shorter girder spans but is about the same for the longer girder spans. 

The maximum total impact percentages, based on the recorded static 
stresses, produced by the diesel locomotives in girder spans varying in length 
from 90 to 140 ft, are shown in Fig. 13. It appears that the impacts increase 
gradually up to a speed of 60 mph but the speed of 40 mph was selected for 
the proposed equation to agree with other span lengths. 

The maximum total impacts recorded during the passage of the steam loco- 
motives over the same 90 to 140 ft spans are shown on Fig. 14 and it is quite 
evident that a speed of 30 to 40 mph was the critical speed for the steam loco- 
motives on these longer spans. In the earlier studies of impact or dynamic 
effects in railroad bridges by our staff, it was generally expected that the 


736-14 


pas 

| 
MA 
They. 

: 


: 
736-15 


- 
SLOVaW! ) Guy Wem OF 103443 


« 
UNOH Wad STIR - 
oe oe 


ud 


736-16 


GOR 


PERCENT OF RECORDED STATIC STRESS 


‘ 
| 
re 
| 


PERCENT OF RECORDED STATIC STRESS 


00008 


lie 


' 


Ba 


o 
Hitt 

CTT 


736-17 


THROUGH AND DECK PLATE GIRDERS 


AT REDUCED SPEEDS: 


ROLL EFFECT AT ALL SPEEDS - SAME AS ART. 206,¢ 


* BALLASTED FLOOR BRIDGES 


© OPEN FLOOR BRIDGES 
PROPOSED IMPACT EQUATION 


SYMBOL: 


40 TO 60-FT. SPANS 


VERTICAL EFFECT AT 40 MPH. AND OVER (ART. 206, b)- 60- 


TOTAL IMPACTS 


ROLLING EQUIPMENT HAVING HAMMER BLOW 


500 


VERTICAL EFFECT AT IOMPH AND UNDER 02 (60-45) 


NOTE: PROPOSED IMPACT EQUATION IS SHOWN FOR SPAN 


LENGTH OF SO FT. WITH GIRDERS AT S-FT. CENTERS. 


Fig. 11. Recorded Impacts in Short Girder Spans Produced by Steam Locomotives. 
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impacts in the ballasted floor bridges would be considerably smaller than 
those in open floor bridges; however, as shown in most of these diagrams, the 
impacts are about the same. A study of the following factors producing impact 
confirms the test results: 


1. The rolling of the spring-borne weight of the locomotive about a longi- 
tudinal axis increases the load on one rail with a corresponding decrease on 
the other rail. There is no reason to believe that this rolling effect would 
be smaller for the baJlasted floor bridges and the analysis of the data for 
rolling effects indicates it is about the same. 


2. The increase in the axle loads due to the centrifugal force resulting from 
the loaded axles running over the def)ected span should result in higher im- 
pact values in the ballasted floor bridges due to greater deflection. 


3. The increase or decrease in axle loads resulting from the acceleration 
of the unsprung weight of the locomotives during the vertical oscillation 
should be the same for both open and ballasted floor bridges. 


4. The resultant weights in the driving wheels of the steam locomotives, out- 
of-round wheels, flat spots, battered rail joints, and uneven track produce 
forced vibration of the structure and here the extra weight of the ballast re- 
duces somewhat the synchronous speed with a corresponding reduction in 
the disturbing force and impact. 


In addition to the total impacts, the analysis of the data secured on the 
girder spans indicate the following: 


1. The stresses in the top flanges of deck spans are about the same as those 
in the lower flanges of symmetrical girders carrying open or ballasted tim- 
ber floors. In girder spans with poured-in-place concrete floors, the 
stresses in the top flange are considerably lower than those in the bottom 
flange even though no effort was made to bond the concrete to the steel. 


2. The stresses in the lower flanges of through spans with stringers and 
floor-beams are lower than those in the upper flanges, indicating that there 
is inter-action between the stringers, lateral bracing and lower flanges. 


3. There is considerable variation between the stresses recorded on the 
inner and outer sides of the girder flanges indicating transverse bending. 


4. The recorded total impacts in the web plates at the ends of the girders 
are somewhat higher than those recorded in the flanges at the center of the 
span. 


5. The stresses in the lateral bracing are quite low but vary from a tensile 
stress to a compressive stress, which undoubtedly accounts for the large 
number of fatigue in these members. 


Truss Spans 


While an extensive program of testing truss spans has not yet been started, 
the research has secured readings on a few spans, such as the one shown on 
Fig. 14. The testing of a large truss span requires considerable study and 
planning for the location of the gages. It has been our experience that the 
usual truss member is subjected to considerable bending about both the hori- 
zontal and vertical axis so we usually place at least four gages on each mem- 
ber to arrive at the direct stress inthe member. The gages are also usually 
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placed away from all rivets and other stress-raisers so that the stress on 
the gross section is measured. 

The strain gage measurements secured on the truss spans tested have not 
been completely analyzed. However, the data secured on three truss spans 
varying in length from 136-ft 9-in to 150-ft have been completely analyzed 
and the total impacts recorded under steam locomotives are shown on Fig. 15. 
These three structures were built at the beginning of the century and were 
designed for light locomotives. Since the bridges are now carrying locomo- 
tives whose weights are about 50 per cent greater than the locomotive for 
which the bridges were designed, the particular railroads requested the re- 
search staff to conduct tests on these bridges at their expense, to determine 
if the stresses resulting from the heavier locomotives exceeded the increased 
stresses allowed by the AREA rating rules. 

The detailed analysis of the data secured on these three truss spans and 
from others only partially completed, indicate the following: 


1, The maximum total impacts, as shown in this diagram, occur at a rela- 
tively low speed. The impact values plotted were recorded in the various 
chord and web members of the three truss spans as indicated by the three 
symbols. It can be seen that the maximum impact in any one span attained 
a maximum and then decreased with a further increase in speed. For ex- 
ample, the maximum impact in the 136-ft 9-in span as indicated by the solid 
circles, occurred at a speed of 36 mph or 3.2 rps and then decreased. This 
is due to the speed of the locomotive drivers synchronizing with the natural 
period of vibration of a span. 


2. The recorded static live load stresses in the top chords of through spans 
are greater than the calculated stresses while those in the lower chords are 
smaller than the calculated. This appears to be due to the stringers taking 
part of the stresses usually assumed to be carried entirely by the lower 
chord, The stringers are usually above the lower chord so the result is a 
change in the effective depth of the truss. The opposite effect has been 
found in deck spans, 


3. The impacts in the various members of a truss are not the same and are 
not a maximum at the same time. The reason for this variation in impact 
has not been definitely determined but since this phenomenon does exist, it 
eliminates the possibility of determining impacts in any truss span by de- 
flection readings, as such readings only indicate the average impact in all 
the members. 


4. The stresses in the individual eye-bars of any one member of a pin- 
connected truss span usually vary. It has been found that in some members 
one or two of the bars were not taking any of the load with a resulting over- 
stress in the other bars. 


5. The secondary or bending stresses in some of the members of the older 
bridges are sometimes so large that compression has been found in one 
corner of a lower chord tension member with tension in one corner of the 
end post. Even in pin-connected trusses, where the pins were undoubtedly 
frozen, a zero stress has been found on one edge of a bar with twice the 
average stress on the other edge. 


The*elimination or reduction of these high bending stresses in tension 
members is very important on account of fatigue failures. Several railroads 
have already experienced failures in tension members of their older bridges 
which were apparently the result from high bending plus direct stresses. 
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6. The eccentricity in some of the compression members has been found 
greater than we normally expect and this eccentricity has been found to 
exist about both axes of the member. The eccentricity in any compression 
member materially reduces its carrying capacity. 


7. As previously mentioned, the elasticity of the supports for any structure 
plays a very important part in the amount of impact in the structure. The 
low recorded impact values in the 150-ft truss span, shown by the open cir- 
cles in the diagram, indicate that the high steel viaduct columns supporting 
this span were acting as springs and produced more than the usual amount 
of damping. In another long truss span, the recorded impacts increased af- 
ter the slender concrete piers supporting the trusses had been reinforced. 


Impacts in stringers supported by elastic floorbeams and floorbeams sup- 
ported by elastic hangers, are always lower than those in the same length 
spans supported by concrete piers or abutments. However, floorbeam hang- 
ers, which are supported by more rigid main chord members of the truss, 
receive about the same impact as a span with rigid supports. 


Present Impact Equations 


The railroad bridge engineers realized in 1948 that, while the study of im- 
pact in bridges was not complete, there appeared to be sufficient evidence, to 
warrant a change in the design and rating rules values. It was evident that 
previous design values for the shorter spans were entirely too high while 
those for the design of trusses were too low. Accordingly, AREA Committee 
15, Iron and Steel Structures recommended the proposed values shown on the 
previous slides and the adopted impact values for the design of steel struc- 
tures is shown by the heavy lines on Fig. 16. The lower cu. ves show the val- 
ues produced by the diesel locomotives while the two upper curves are the 
values produced by the steam locomotives. Future changes in these impact 
values can be expected as more data is accumulated, especially on girder and 
truss spans. 

In addition to the 1948 impact curves, this figure also shows the various 
impact values that have been in use by the railroad bridge engineers since 
the first equation was adopted in 1905. 


Secondary Stresses 


The construction of the large double track railway bridge shown on Fig. 17, 
with 350-ft deck truss spans having a ballasted timber floor by one of the 
western railroads afforded an opportunity for a complete study of the dead 
and live load stresses with particular attention to the secondary effects re- 
sulting from the rotation of the joints in the main members of these spans. 
Accordingly, the research staff took over 5,000 Berry strain gage readings 
on about 700 gage lines at various locations on the truss members while the 
spans were being assembled for reaming in the fabricating shop and a like 
number on the gage lines after the bridge had been completed. Extensive 
electrical strain gage readings were also taken under both diesel and steam 
locomotives operating at various speeds over the bridge so that the live load 
direct, secondary and impact effects could be determined. 

The data secured during these test on lower chord member L3-L4, see 
Fig. 18, indicates that a maximum dead load stress of 13.89 ksi tension was 
recorded in one corner of lower chord L3-L4, as compared with an average 
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calculated stress of 6.51 ksi. The data indicates that bending was taking 
place about both axes of the various truss members and for member L3-L4, 
the bending about the horizontal axis was 29.4 per cent for the dead load and 
17.8 per cent for the live load. The bending about the vertical axis was 22.5 
per cent for the dead load and 12.5 per cent for the live load. The total bend- 
ing about both axes was 54.1 per cent for the dead load and 32.9 per cent for 
the live load. 

The chord members of this bridge consisted of box members with elliptical 
man-holes. Dead load and live load readings were taken on a section through 
the man-holes and the stresses found at the various gage locations in top 
chord member U4Us are shown on Fig. 19. A dead load stress of 19.44 ksi 
was measured at the edge of the man-hole which is about three times the 
average stress on the gross section of the member. Laboratory investiga- 
tions of the stresses around man-holes in similar members have indicated 
stress raising factors about the same as found during these tests. 


Timber Bridges 


There is a total length of about 1800 miles of timber railroad bridges in 
the United States today which is about the same as the total length of steel 
railroad bridges. We have conducted tests on a few of these bridges such as 
that shown in Fig. 20, and the data collected has been the basis for a large 
program of laboratory and field tests which we are just starting. 

The present design of timber railroad structures is based on static loads 
only, as previous laboratory investigations have shown that timber has twice 
the strength under suddenly applied loads as it has under the same load ap- 
plied statically. However, it is now known that the stress under a suddenly 
applied load goes from zero to a maximum in about 1/100 of a second while 
under a high speed locomotive it takes about 3/10 of a second for the stress 
to reach a maximum, or about 30 times longer. 

The field testing consists essentially of determining the magnitude of the 
stresses in the stringers and piles, the time of duration of these stresses and 
the frequency of occurrence of the maximum stresses so that these values 
can be correlated with laboratory results. It is becoming apparent that the 
dynamic or impact effects should be considered if we are to place the design 
of timber structures on a scientific basis. 

The laboratory investigation of timber stringers under repeated loadings 
has been started and one phase of this program is the testing of full size 8 in 
by 16 in by 14 ft long bridge stringers as taken from the storage yards. An- 
other phase is the laboratory testing of 1/4 scale clear stringers under rigid 
control of all the variables. 

The data secured from these field and laboratory tests will enable us to 
eventually design timber structures on a more scientific and economical 
basis. 


Concrete Bridges 


A report has recently been published by the AREA covering an investiga- 
tion of the static and dynamic stresses in four reinforced concrete railroad 
bridges, consisting of three pile trestles with pre-cast slabs, as shown in 
Fig. 21, and one continuous 4-span structure. The strains in the concrete 
and reinforcing bars were determined under a total of 686 diesel and steam 
locomotive test runs over a complete range of speeds. The results of these 
tests indicate the following: 
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1. The simultaneous strains in the concrete and reinforcement on the ten- 
sion side of the slabs showed that the concrete was carrying part of the ten- 
sile stresses. 


2. The recorded static stresses in the compressive concrete were apprecia- 
bly lower than the calculated stresses, based on the usual assumption that 
the concrete is not taking any tension, and were generally lower than those 
calculated on the basis that the concrete is taking tension. 


3. The impact percentages in the compression concrete were greater than 
the AREA allowance, but the recorded maximum stresses were only about 
80 per cent of the calculated live loads plus impact stresses. 


4. While the impact percentages in the tensile reinforcement were greater 
than the AREA allowance, the recorded maximum stresses were only about 
20 per cent of the calculated live load plus impact stresses. 


The testing of these trestles afforded an opportunity to secure data on the 
bending stresses in the piles resulting from a train crossing the bridge at 
various speeds under normal operating conditions as compared to the bending 
stresses produced by the same train crossing the bridge with the brakes ap- 
plied. In addition to the gages on the piles, gages were also placed longitudi- 
nally on the web of the rails to determine the magnitude of any longitudinal 
forces carried by the rails. 

The general character of the stresses produced in the piles and rails by 
stopping the train on the bridge by a hard service application of the brakes 
is shown by the traces on Fig. 22. The general elevation of the bridge is 
shown at the top with the locomotive and car wheels shown in the position 
where the train stopped. The upper two traces, gages B5 and B6, were lo- 
cated on the rails over bent 37 ahead of the locomotive. It can be seen that 
the rails started carrying a longitudinal force when the brakes were first ap- 
plied, and this force kept increasing until the forward movement of the train 
stopped. As soon as the train stopped, the longitudinal forces in the rails 
were released, but it can be seen that the structure continued to vibrate at a 
low frequency for some time. A maximum compression stress of 2000 psi 
was recorded in each rail and assuming uniform distribution of stress over 
the entire rail cross section, a total longitudinal force of 44,000 lb. was car- 
ried by the two rails for this particular run. 

The two lower traces, gages A3 and A4, were located on opposite sides of 
the center of bent 39 at Section C-C. It can be seen that the action of the piles 
was similar to that of the rails, except that the piles carried vertical load as 
well as longitudinal forces. For the particular run shown, the north side of 
the piles, gage A3, was stressed in bending to 60 psi compression and the 
south side was stressed to 60 psi tension by the braking force. By using the 
average bending stress in the three piles and considering the bent fixed at 
the top and bottom, it was determined that bent 39 was carrying a longitudinal 
force of 5100 lb. 

The low stresses recorded in reinforced concrete bridges under moving 
trains raised the question as to their actual ultimate strength and correspond- 
ing factor of safety. Arrangements were made with the Bureau of Reclama- 
tion in Denver for the use of their 5,000,000 lb. testing machine shown in 
Fig. 23, to determine the actual carrying capacity of full size concrete slabs 
designed to carry railroad loading. A total of six slabs were tested in this 
machine and strains in the concrete and reinforcement over a complete range 
of load were recorded. The siabs tested consisted of: 
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Two old slabs removed from a railroad bridge after being in service for 
over 40 years. 


One new slab designed in accordance with current AREA Specifications. 
Two new slabs designed in accordance with the Ultimate-load theory. 


One new slab, prestressed by pretensioning in accordance with current 
recommended practice. 


While all the new slabs carried more load than was expected, the load car- 
rying capacity of the two old slabs far exceeded the expected load. The two 
old slabs shown in Fig. 24 while still in the railroad bridge had many of the 
reinforcing bars exposed and the concrete had spelled off at many locations 
in the slabs. The concrete was badly deteriorated along the inside edge and 
this deterioration extended in about 1 ft from the edge. In spite of all the 
spalling and deterioration, the slabs carried more than 3 1/2 times their 
original design load including impact about 2 1/2 times the present design 
loads including impact. 


CONCLUSION 


In conclusion, the vast amount of research being conducted in this country 
on structural problems should eventually enable the structural engineer to 
determine more precisely the actual behavior of structures subjected to mov- 
ing loads and to design these structures more economically. 
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